Plant transcription factors generally act in complex regulatory networks that function at multiple levels to govern plant developmental programs. Dissection of the interconnections among different classes of transcription factors can elucidate these regulatory networks and thus improve our understanding of plant development. Here, we investigated the molecular and functional relationships of the transcription factors ABSCISIC ACID INSENSITIVE 4 (ABI4) and members of the BASIC PENTACYSTEINE (BPC) family in lateral root (LR) development of Arabidopsis thaliana. Genetic analysis showed that BPCs promote LR development by repressing ABI4 expression. Molecular analysis showed that BPCs bind to the ABI4 promoter and repress ABI4 transcription in roots. BPCs directly recruit the Polycomb Repressive Complex 2 (PRC2) to the ABI4 locus and epigenetically repress ABI4 expression by catalyzing the trimethylation of histone H3 at Lys27. In addition, BPCs and ABI4 co-ordinate their activities to fine-tune the levels of PIN-FORMED1, a component of the auxin signaling pathway, and thus modulate LR formation. These results establish a functional relationship between two universal and multiple-role transcription factors, and provide insight into the mechanisms of the transcriptional regulatory networks that affect Arabidopsis organogenesis.
Introduction
Execution of complex plant developmental programs requires the expression of a specific set of genes that are tightly regulated at the spatial and temporal levels. To regulate gene expression, the Arabidopsis thaliana genome encodes >1,900 transcription factors classified into 64 families (He et al. 2010) . Among these transcription factors, only a few have specific roles; rather, most transcription factors function in multiple biological process and act in regulatory networks that integrate multiple developmental and environmental signals (Singh and Laxmi 2015 , Gaudinier and Brady 2016 , Kim et al. 2016 . These interactions add a layer of complexity to the roles of transcription factors in plant development. Dissection of the interplay between transcription factors provides critical information to elucidate the regulatory networks that govern plant development (Singh and Laxmi 2015 , Gaudinier and Brady 2016 , Kim et al. 2016 .
The putative AP2/ERF domain transcription factor ABSCISIC ACID INSENSITIVE 4 (ABI4) was originally discovered as a component of the ABA signaling pathway during seed germination, via a genetic screen for ABA-insensitive mutants (Finkelstein et al. 1998) . Subsequent studies showed that ABI4 might be involved in diverse processes in addition to seed germination (Wind et al. 2013) . In developing seedlings, ABI4 mediates suxgar signaling (Arenas-Huertero et al. 2000 , Huijser et al. 2000 , Laby et al. 2000 , Rook et al. 2001 , Bossi et al. 2009 ), lipid degradation (Ichihara et al. 1988 , Penfield et al. 2006 , Holman et al. 2009 ) and organelle to nucleus signaling (Koussevitzky et al. 2007 , Giraud et al. 2009 , Sun et al. 2011 , Leon et al. 2012 . ABI4 also regulates redox signaling (Kerchev et al. 2011) , plant-pathogen responses (Adie et al. 2007 ) and nitrogen deficiency responses (Yang et al. 2011) . Some of the functions of ABI4 are ABA dependent, whereas others are ABA independent (Wind et al. 2013) . It has been proposed that ABI4 might mediate a gene regulatory network that integrates multiple signaling pathways (Dietz et al. 2010 ).
ABI4 expression is also regulated by various transcription factors, including ABI4 itself, which activates its own expression during early seedling development (Niu et al. 2002 , Bossi et al. 2009 ). WRKY proteins regulate ABI4 expression via binding to the W-box sequence of the ABI4 promoter (Shang et al. 2010 , Antoni et al. 2011 , Liu et al. 2012 , Chen et al. 2013 . A bZIP transcription factor, SCARECROW, modulates the sugar response in the root apical meristem by regulating ABI4 expression (Cui et al. 2012) . The transcriptional regulator PTM also directly activates ABI4 expression through plastid retrograde signaling (Sun et al. 2011) . PTM is a chloroplast membranebound protein containing a plant homeodomain that binds methylated histones to promote the transcription of downstream genes. The discovery of PTM raised the possibility of epigenetic regulation of ABI4 expression. Nevertheless, compelling evidence supporting this hypothesis has not yet been presented.
The BASIC PENTACYSTEINE/BARLEY B RECOMBINANT (BPC/BBR) family of plant-specific transcription factors has been identified in many species, including Glycine max (soybean), Hordeum vulgare (barley), Oryza sativa (rice) and Arabidopsis (Sangwan and O'Brian 2002 , Santi et al. 2003 , Kooiker et al. 2005 , Berger et al. 2011 , Simonini and Kater 2014 . The A. thaliana genome encodes seven BPC proteins (BPC1-BPC7), which have been categorized into three classes (Class I-III) based on sequence similarity (Meister et al. 2004 , Monfared et al. 2011 ). BPC1-BPC3 are designated Class I, BPC4-BPC6 as Class II and BPC7 is the sole member of Class III. An in-frame stop codon in the BPC5 gene indicates that it is a pseudogene (Meister et al. 2004 , Monfared et al. 2011 . Mutation of BPC7, the sole member of Class III, caused no observable phenotype, even in combination with mutations of other BPC genes, suggesting that BPC7 might not play an essential role (Monfared et al. 2011 ). All of the BPC/BBR proteins contain a conserved DNA-binding domain at the C-terminus, and can bind to the GA-repeat promoter sequence of their target genes in vitro (Meister et al. 2004 , Wanke et al. 2011 . Therefore, it has been proposed that BPC proteins share functional similarity with animal GAGA-binding factors, which transcriptionally regulate expression of homeobox genes and control many developmental events (Berger and Dubreucq 2012) . Like GAGA-binding factors, BPCs also participate in many developmental processes, as higher order BPC mutants have pleiotropic phenotypes (Monfared et al. 2011) ; however, the specificity of BPCs for particular developmental processes remains largely unknown.
The barley BBR protein functions in leaf and flower development, probably regulating of the expression of the homeotic gene BKn3 (Santi et al. 2003) . The BPC1 protein functions in ovule and embryo development by regulating the expression of the key transcription factors LEC2 (LEAFY COTYLEDON2), INO (INNER NO OUTER) and STK (SEEDSTICK) (Meister et al. 2004 , Kooiker et al. 2005 , Berger et al. 2011 . Class I BPCs also control the inflorescence meristem, probably by regulating the expression of STM (SHOOTMERISTEMLESS) and BP (BREVIPEDICELLUS/KNAT1) (Simonini and Kater 2014) . Root developmental defects have been observed in Arabidopsis bpc mutants (Monfared et al. 2011) ; however, the precise roles of BPCs in root development have not been addressed.
In this study, we describe the interplay between the BPCs and ABI4 transcription factors. Our study showed that BPCs recruit the Polycomb Repressive Complex 2 (PRC2) to the ABI4 locus and repress ABI4 expression epigenetically by catalyzing the trimethylation of histone H3 at Lys27. In addition, BPCs and ABI4 co-ordinate their activities to fine-tune the levels of PIN-FORMED1 (PIN1), a component of the auxin signaling pathway and thus modulate lateral root (LR) formation. This work established a functional relationship between two universal and multiple-role transcription factors and provided insights into mechanisms of the transcriptional cascades in Arabidopsis organogenesis.
Results

BPCs bind to the ABI4 promoter
The BPCs came to our attention when we performed a yeast onehybrid screen to identify factors that interacted with the ABI4 promoter and found that cDNA clones encoding BPC1, BPC2, BPC4 and BPC6 were predominant among the clones identified by this screen. A subsequent yeast one-hybrid assay revealed that two other functional BPC members, BPC3 and BPC7, also bound to the ABI4 promoter ( Supplementary Fig. S1 ). Because of the functional overlap between BPC proteins, we selected BPC1, BPC2, BPC4 and BPC6 for the present study.
To address the interaction between BPCs and the ABI4 promoter in detail, we constructed a series of deletion fragments of the ABI4 promoter (P1-P7, as shown in Fig. 1A ), which we fused to the LacZ reporter gene to test their interactions with the four BPC proteins via a yeast one-hybrid assay. The results showed that all of the ABI4 promoter regions containing the P6 fragment were able to bind to the four BPC proteins, whereas those lacking P6 were not, suggesting that the P6 element is responsible for binding BPC4 proteins (Fig. 1B) .
BPC proteins can bind to sequences rich in GA repeats (Sangwan and O'Brian 2002 , Santi et al. 2003 , Meister et al. 2004 , Kooiker et al. 2005 , Simonini et al. 2012 . When examining the nucleotide sequence of P6 in detail, we found a 36 bp sequence containing eight GA repeats divided by pairs of adenine residues (Fig. 1C) . We defined this as SP6, and used electrophoretic mobility shift assays (EMSAs) to show that SP6 bound to BPC proteins ( Fig. 1C; Supplementary Fig. S2 ). However, SP6 binding to BPC1 was eliminated when seven of the adenines were replaced by thymines (Fig. 1C) . This result indicated that this GA-rich motif is necessary for the interaction of BPC proteins with the ABI4 promoter. BPC1 EMSAs produced two obviously shifted bands (Fig. 1C) , which were also observed in previous studies (Meister et al. 2004 , Kooiker et al. 2005 , Berger et al. 2011 . These multiple shifted bands suggested the formation of a higher order DNA-BPC1 protein complex.
Next, we performed a chromatin immunoprecipitation (ChIP) assay to confirm the interaction between BPCs and the ABI4 promoter in vivo using transgenic lines overexpressing BPC-green fluorescent protein (GFP) fusion proteins (BPC1/2/ Fig. 1 BPC proteins bind to the ABI4 promoter. (A) Schematic diagram of the ABI4 promoter. P1-P7 indicate the different fragments of the ABI4 promoter that were used for a yeast one-hybrid assay. The GA-rich element is indicated by the blue box. Numbers indicate the positions of nucleotides relative to the ATG start codon. (B) Yeast one-hybrid assay of interactions between BPCs and the ABI4 promoter. The ABI4 promoter fragments shown in (A) were fused to the pLacZi plasmid and then were linearized and integrated into the genome of the YM4271 yeast strain. Four BPC genes were cloned into pGADT7 to obtain the BPC1/2/4/6-pGAD plasmids. The BPC-pGAD plasmids were transformed into YM4271. The transformants were grown on SD/-Ura-Leu dropout plates containing X-gal for development of the blue color. The DDT domain of PTM, which has been shown not to interact with the ABI4 promoter (Sun et al. 2011) , was used as a negative control. (C) EMSA showed that BPC1 bound to the ABI4 promoter. DNA fragments from -66 to -31 (SP6), the mutated SP6 fragment (mSP6, shown in the upper diagram) and the fragment from -331 to -296 (SP4) of the ABI4 promoter were biotin labeled and then incubated with BPC or MBP. Increasing amounts of unlabeled probes (0.05, 0.1 and 0.2 pM) were added as competitors. U, non-binding DNA; B, protein-binding DNA. (D) ChIP assay showed that BPCs bound to the ABI4 promoter in vivo. The level was expressed relative to the chromatin input. Genomic DNA was obtained via ChIP from transgenic lines overexpressing BPC-GFP fusion proteins (BPC1/2/4/6-OX) using an anti-GFP antibody, and then was subjected to qPCR analysis. The P3 fragment used for qPCR is indicated under the schematic diagram of the ABI4 promoter shown in (A). Transgenic lines overexpressing DDT-GFP fusion proteins (Sun et al. 2011 ) were used as a negative control (DDT-OX). A control experiment with the ACTIN7 gene was used to establish the ChIP specificity. The mean values ± SD are representative of at least three independent experiments. ***P < 0.001 by Bonferroni post-hoc test.
4/6-GFP-OX). BPC proteins were immunoprecipitated using an anti-GFP antibody, and the genomic DNA fragments that coimmunoprecipitated with the BPCs were analyzed using quantitative PCR (qPCR). As shown in Fig. 1D , fragments of the ABI4 promoter (P3, as shown in Fig. 1A) were enriched in the anti-GFP samples. As a negative control, DDT (Sun et al. 2011) did not co-immunoprecipitate with the ABI4 promoter (Fig. 1D) , suggesting that BPCs specifically bind to the ABI4 promoter in vivo.
BPCs repress ABI4 expression
To address the role of BPCs in the expression of ABI4, Nicotiana benthamiana leaves were co-transformed with transient expression constructs containing HIS-tagged BPCs, driven by the Cauliflower mosaic virus 35S promoter, and a reporter construct carrying the ABI4 promoter fused to firefly luciferase (LUC). The LUC activity of each transformant was assayed. As shown in Fig. 2A and B, the transient expression of BPC1, BPC2, BPC4 and BPC6 in the transformants decreased the activity of LUC driven by the ABI4 promoter, compared with that of the control transformants lacking BPCs. This result suggests that BPCs repress the transcriptional activity of the ABI4 promoter.
To address further the repression of ABI4 expression mediated by BPCs, we introduced a ProABI4:GUS construct into wild-type, bpc mutants and BPC overexpressing plants, Fig. 2 BPCs repress ABI4 expression. (A) Relative activity of the ProABI4:LUC reporter in Nicotiana benthamiana leaves that were co-transformed with the indicated effector constructs. Relative LUC activities were normalized to that of the Pro35S:GUS internal control. This experiment was repeated three times, and similar trends were obtained. The result of one experiment is shown. Immunoblots of proteins isolated from N. benthamiana leaves are shown below to provide an estimate of the materials assayed. (B) Images of LUC luminescence in N. benthamiana leaves that were infiltrated with Agrobacterium strain GV3101 harboring different combinations of constructs shown in (A). LUC images were merged with bright-field images showing the profiles of leaves. The pseudocolor bar shows the relative luminescence intensity in each image. (C) Expression of ProABI4:GUS in wild-type, bpc1-1 bpc2 bpc4 bpc6 and BPC4-OX seedlings grown for 4 d. Enlarged images of GUS-stained Arabidopsis roots are shown in the bottom panel. The images represented the similar staining trends oberved for each construct, each containing at least three different transgenic lines (10 seedlings for each line) .(D) Expression of ABI4 mRNA in roots of wild-type, bpc1-1 bpc2 bpc4 bpc6 and BPC4-OX seedlings grown for 2 and 5 d. The total RNA was extracted from Arabidopsis roots, and the levels of ABI4 transcripts were analyzed using RT-qPCR. Data are represented as the mean ± SD. Experiments were performed in biological triplicate (10 seedlings per line per experiment). ***P < 0.001 and **P < 0.01 by Bonferroni post-hoc test. then stained each line for b-glucuronidase (GUS). Because of their overlapping functions, single mutations produced no visible phenotype; however, the bpc1-1 bpc2 bpc4 bpc6 quadruple mutant displayed the most severe morphological phenotypes among the different combinations (Monfared et al. 2011) . Therefore, we selected the bpc1-1 bpc2 bpc4 bpc6 mutant as having the strongest disruption of BPC functions and used this for genetic studies, together with BPC4-overexpressing plants (BPC4-OX).
Staining 4-day-old seedlings showed no significant difference in GUS activity in the cotyledons and hypocotyls in mutants and BPC4-OX plants. However, when the GUS expression patterns of these seedlings were investigated in detail, we found that GUS activity increased in the roots of the bpc1-1 bpc2 bpc4 bpc6 mutant, whereas it decreased in roots of BPC4-OX compared with the wild type (Fig. 2C ). This observation indicated that, although BPCs are broadly expressed in different tissues, BPC-mediated repression mainly occurs in the root (Monfared et al. 2011) .
Consistent with the repressive effects of BPCs on ABI4 promoter activity, a reverse transcription quantitative PCR (RTqPCR) assay showed that the level of ABI4 mRNA increased in bpc1-1 bpc2 bpc4 bpc6 roots, whereas it decreased in BPC4-OX plants (Fig. 2D ).
BPCs physically interact with the PRC2 subunit SWINGER
To explore the molecular mechanisms underlying the BPCmediated repression of ABI4 expression, we used yeast two-hybrid assays to screen for BPC4-interacting partners and identified SWINGER (SWN) as one such partner. Further study revealed that BPC1, BPC2 and BPC6 also interact with SWN ( Fig. 3A) . MEDEA (MEA), CURLYLEAF (CLF) and SWN, three homologs of the Drosophila E(z) protein, which has histone methyltransferase activity specific for H3K27, are core components of the PRC2 of Arabidopsis (Mozgova and Hennig 2015 , Pu and Sung 2015 , Xiao and Wagner 2015 . Although CLF shares 66% sequence similarity with SWN (Chanvivattana et al. 2004 ), CLF did not interact with BPCs in our yeast two-hybrid assays, suggesting that the interaction between SWN and BPCs is specific. Arabidopsis also contains several essential subunits, including VERNALIZATION2 (VRN2), EMBRYONIC FLOWER2 (EMF2) and FERTILIZATION INDEPENDENT ENDOSPERM (FIE), which form distinct PRC2 complexes with SWN/CLF (Mozgova and Hennig 2015 , Pu and Sung 2015 , Xiao and Wagner 2015 . None of these proteins interacted with the BPC proteins in our yeast two-hybrid assays (Fig. 3A) . In addition, BPC proteins did not interact with ABI4, suggesting that BPC proteins might not be involved in ABI4 auto-regulation.
The interaction of SWN with BPCs was further evaluated in planta using bimolecular fluorescence complementation (BiFC) assays (Citovsky et al. 2006) . In these experiments, BPC4 was fused to the N-terminus of the non-fluorescent half of yellow fluorescent protein (YFP) to generate nEYFP-BPC4. Additionally, SWN was fused to the N-terminus of the other half of YFP to generate cEYFP-SWN. Co-expression of nEYFP-BPC4 and cEYFP-SWN in Arabidopsis mesophyll protoplasts reconstituted the activity of YFP in the nucleus (Fig. 3B) , consistent with the subcellular localization of the BPC proteins (Wanke et al. 2011 ; Supplementary Fig. S4 ). No YFP fluorescence was observed when YFP plasmids containing BPC4 and VRN2, or EMF2 (Fig. 3B) , were co-expressed in mesophyll protoplasts; this is in agreement with the results of the yeast two-hybrid assay. In addition, co-IP assays of Agrobacterium-infiltrated N. benthamiana leaves, in which MYC-BPC4 and HA-SWN were co-expressed, further confirmed the interaction of BPCs with SWN in vivo ( Fig. 3C ; Supplementary Fig. S5 ).
Involvement of PRC2 in BPC-mediated repression of ABI4 expression
In Drosophila, the GAGA-binding protein recruits the Polycomb group (PcG) complex via binding to a conserved sequence motif known as the Polycomb response element (PRE), and represses the expression of homeotic genes (Strutt et al. 1997 , Horard et al. 2000 , Berger and Dubreucq 2012 . A recent study proposed that BPC proteins and animal GAGA-binding proteins function similarly in the recruitment of PRC1/2 complexes (Hecker et al. 2015) . Considering the specific binding of BPCs to the GAGA sequence of the ABI4 promoter, and the physical interaction between BPCs and SWN, it is likely that BPC proteins function in the recruitment of PRC2 complexes to the ABI4 locus. If this is the case, the PRC2 complex might contribute to the repression of ABI4 expression. To address this possibility, we first evaluated the level of H3K27me3 (histone H3 methylated at Lys27) deposited at the ABI4 locus in swn, bpc1-1 bpc2 bpc4 bpc6 and wild-type plants by a ChIP assay of 10-day-old roots. In wild-type plants, the enrichment of H3K27me3 was detected at all of the examined regions across the ABI4 loci. However, the levels of H3K27me3 were significantly reduced in swn and bpc1-1 bpc2 bpc4 bpc6 mutants (Fig. 4A) . As a control, the H3K27me3 level of ACTIN7 was not changed in these mutants ( Supplementary Fig. S6A ). Next, we determined PRC2 occupancy at the ABI4 loci using ChIP assays on chromatin prepared from plants expressing a GFP-tagged version of SWN. Enrichment levels of GFP-SWN at the ABI4 locus were significantly lower in bpc1-1 bpc2 bpc4 bpc6 compared with wildtype plants (Fig. 4B) . These two lines of evidence indicate that the stable repression of ABI4 expression in roots involves PRC2 activity.
To test whether BPC-binding sites are required for PRC2-mediated ABI4 repression in roots, we generated two transgenic lines carrying a GUS reporter gene driven by the ABI4 promoter containing intact or mutated BPC-binding sites. The relative H3K27me3 levels at the GUS locus of these two transgenic lines were then determined by ChIP assay. The results showed that the H3K27me3 level of the transgenic line containing mutated BPCbinding sites was significantly reduced compared with the transgenic line containing the intact BPC-binding sites (Fig. 4C) . In accordance with this finding, the GUS expression in roots driven by the mutated ABI4 promoter also increased ( Supplementary  Fig. S7 ). In this context, BPC-binding sites are, therefore, required for PRC2-mediated ABI4 repression in roots.
Together, the above data indicate that BPC proteins recruit PRC2 to the ABI4 locus via a PRE-based mechanism similar to that of animal GAGA-binding proteins, and consequently repress ABI4 expression by catalyzing the trimethylation of H3K27. Consistent with this hypothesis, the bpc1-1 bpc2 bpc4 bpc6, swn and bpc1-1 bpc2 bpc4 bpc6 swn mutants have comparable levels of ABI4 transcript (Fig. 4D) . In addition, the unaltered level of SWN transcripts in the bpc1-1 bpc2 bpc4 bpc6 mutant further excludes the possibility that BPCs directly Yeast colonies co-transformed with BPC-pGBK and PRC2/ABI4-pGAD were obtained on SD/-Trp-Leu dropout plates. Interactions in yeast were visualized according to the differential growth on the selective synthetic dropout (SD/-Leu/-Trp/-His) medium containing X-a-Gal for development of the blue color. Fusion protein expression in yeast was validated by immunoblot analysis of lysates shown in Supplementary Fig. S3 . Co-transformed pGBKT7-53/pGADT7-T and pGBKT7-Lam/pGAD T7 AD were used as positive and negative controls, respectively. The interaction of SWN and DEG9 was also assayed as a negative control. (B) BiFC visualization of the BPC protein and SWN interactions. Arabidopsis mesophyll protoplasts co-transformed with constructs expressing nEYFP-BPC4 and cEYFP-SWN showed YFP fluorescence in the nucleus (top panel). DEG9 and ARR4, which interact in the nucleus (Chi et al. 2016) , were used as a positive control. Yellow fluorescence is caused by YFP; red fluorescence is the chloroplast autofluorescence. (C) Co-IP assay of BPC4 and SWN interaction. The epidermal cells of N. benthamiana leaves were infiltrated with a mixture of Agrobacterium suspensions harboring constructs encoding MYC-BPC4 and HA-SWN fusion proteins. Crude extracts (input) of the N. benthamiana leaves were immunoprecipitated using an anti-HA antibody or pre-immune serum (Pre), and then immunoblotted using an anti-MYC and anti-HA antibody. Immunoprecipitated antigens are shown underneath. BiFC assay in infiltrated N. benthamiana leaves in which MYC-BPC4 and HA-SWN were co-expressed also validated the interaction between BPC4 and SWN ( Supplementary Fig. S5 ).
regulate SWN expression, but indicates that SWN acts in concert with BPCs in the same pathway ( Supplementary Fig. S8 ). Nevertheless, the possibility that the reduction of the H3K27me3 level in the ABI4 promoter is due to the activation of ABI4 transcription in bpc1-1 bpc2 bpc4 bpc6 could not be excluded completely.
Genetic interaction between BPCs and ABI4 in root formation
Disruption of ABI4 increased LR density, whereas overexpression of ABI4 decreased LR density (Shkolnik-Inbar and Bar-Zvi 2010). Considering the significant repressive effects of BPCs on (B) ChIP assay of the SWN level at the ABI4 locus in the roots of 8-day-old wild-type and bpc1-1 bpc2 bpc4 bpc6 seedlings overexpressing SWN-GFP. Genomic DNA that was immunoprecipitated using an anti-H3K27me3 antibody for (A) and anti-GFP antibody for (B) was analyzed by qPCR. qPCR values (mean ± SD) are shown as a percentage of input chromatin from at least three biological replicates. Black dashes show the positions of amplicons analyzed in ChIP assays. The ACTIN7 gene was used as the negative control for (A) and (B) shown in Supplementary Fig. S6B and C, respectively. Data shown are the means ± SD and are representative of at least three independent experiments. Values significantly different from the wild type are indicated. *P < 0.05 and **P < 0.01 by Bonferroni post-hoc test. (C) BPC-binding sites are necessary for recruitment of PRC2 activity. The relative H3K27me3 levels at the GUS locus driven from the ABI4 promoter containing intact or mutated BPC-binding sites were determined by ChIP assays. Two independent transgenic lines for each construct were analyzed. Genomic DNA that was immunoprecipitated using an anti-H3K27me3 antibody was analyzed by qPCR. qPCR values (mean ± SD) are shown as a percentage of input chromatin from at least three biological replicates. (*)P < 0.05; (**)P < 0.01. by Bonferroni post-hoc test. A control experiment with the ACTIN7 gene was used to establish ChIP specificity ( Supplementary Fig. S6D) . A schematic representation of the reporter gene is shown at the top. The ABI4 promoter fragment spanning nucleotides -1,087 to +30 from the ATG was inserted upstream of a GUS fusion with a minimal 35S promoter. Black line, ABI4 promoter; purple dash, position of the amplicon analyzed; red ovals, BPC-binding sites; blue arrow, transcription start site; yellow box, GUS. Sequences of the wild-type and mutated BPC-binding sites are shown below the schematic representation. (D) Expression of ABI4 mRNA in roots of bpc1-1 bpc2 bpc4 bpc6 swn, swn, bpc1-1 bpc2 bpc4 bpc6 and wild-type seedlings grown for 5 d. The total RNA was extracted from Arabidopsis roots, and the levels of ABI4 transcripts were analyzed using RT-qPCR. The mean values ± SD from biological triplicate are shown (10 seedlings per line per replication). ***P < 0.001 by Bonferroni post-hoc test.
ABI4 expression in roots, we surveyed LR formation in bpc1-1 bpc2 bpc4 bpc6 mutants by assaying the numbers of emerged LRs and LR primordia (LRPs), and LR/LRP density. Our results showed that the bpc1-1 bpc2 bpc4 bpc6 mutants developed fewer LRs (LRPs plus emerged LRs) compared with wild-type plants grown under the same conditions (Fig. 5A-D) . The bpc1-1 bpc2 and bpc4 bpc6 double mutants also had fewer LRs, but this phenotype was weaker than that of the bpc1-1 bpc2 bpc4 bpc6 mutant ( Supplementary Fig. S9 ). In contrast, the BPC1-, BPC2-, BPC4-and BPC6-overexpressing plants all showed an increased LR phenotype (Supplementary Fig.  S10 ). These findings suggest that four Class I and Class II BPCs all contribute to LR formation.
We then investigated the genetic relationship between BPC genes and ABI4 in LR development. When ABI4 was mutated in the bpc1-1 bpc2 bpc4 bpc6 background, the LRP number and LR/LRP density of bpc1-1 bpc2 bpc4 bpc6 was restored to nearly wild-type levels, and the number of emerged LRs also slightly increased. This result indicated that mutation of ABI4 in the bpc1-1 bpc2 bpc4 bpc6 background largely, but not completely, rescued the reduced-LR phenotype of bpc1-1 bpc2 bpc4 bpc6 mutant plants. When ABI4 was overexpressed in bpc1-1 bpc2 bpc4 bpc6 mutants, the reduced-LR phenotype was more severe compared with that of the bpc1-1 bpc2 bpc4 bpc6 plants (Fig. 5 A-D) . This genetic evidence suggested that the association of BPCs and ABI4 is involved in LR development. The reduced-LR phenotype of ABI4-OX plants was slightly weaker in our study than that reported in a previous study (Shkolnik-Inbar and Bar-Zvi 2010). This inconsistency might be due to the different growth stages of the Arabidopsis seedlings used in the two studies.
Auxin transport and signaling was affected in bpc mutants
Given that ABI4 is involved in LR formation via regulation of PIN levels (Shkolnik-Inbar et al. 2010), we assayed the level of PIN1 in bpc1-1 bpc2 bpc4 bpc6 mutants. The levels of PIN1 accumulation, as shown by the ProPIN1:PIN1-GFP fusion reporter, were obviously reduced in bpc1-1 bpc2 bpc4 bpc6 mutants ( Fig. 6A; Supplementary Fig. S11 ), which is in accordance with the proposed function of ABI4 in LR formation (Shkolnik-Inbar and Bar-Zvi 2010). Next, we analyzed the expression of the auxin response reporter ProDR5:GUS (Ulmasov et al. 1997 ) in bpc1-1 bpc2 bpc4 bpc6 mutant and wild-type plants. The bpc1-1 bpc2 bpc4 bpc6 plants exhibited a diminished auxin response in the root tips compared with that of the wild-type plant (Fig. 6B) . Considering the LR defects, the expression of ProDR5:GUS was further investigated in different stages of LR formation (Fig. 6C) . This reporter gene is normally expressed during Stage I and Stage VII of wild-type LRs, whereas it is only weakly detectable in the bpc1-1 bpc2 bpc4 bpc6 mutant. Nevertheless, treatment with auxin for 6 h equalized the expression of ProDR5:GUS in both the wild type and the bpc1-1 bpc2 bpc4 bpc6 mutant. These results suggest that the altered expression level of ProDR5:GUS might be caused by abnormal auxin distribution rather than a general reduction in auxin sensitivity in the bpc1-1 bpc2 bpc4 bpc6 mutant.
We also investigated the expression of several essential genes involved in LR formation and the auxin response by RT-qPCR in the bpc1-1 bpc2 bpc4 bpc6 mutant (Fig. 6D) . The results showed that the transcript levels of PLT1/2 (PLETHORA 1/2), two auxininduced AP2-class transcription factors (Aida et al. 2004 , Galinha et al. 2007 , Grieneisen et al. 2007 ) and ARF7 (AUXIN RESPONSE Fig. 6 Auxin signaling and transport in the bpc1-1 bpc2 bpc4 bpc6 mutant. (A) PIN1 distribution in bpc1-1 bpc2 bpc4 bpc6 and wild-type plants. The accumulation level of ProPIN1:PIN1-GFP in the root tips of 4-day-old seedlings was evaluated using confocal microscopy. Green (GFP) and red (propidium iodide staining) channels were merged. Scale bar = 50 mm. (B) Expression of the ProDR5:GUS reporter gene in 8-day-old bpc1-1 bpc2 bpc4 bpc6 and wild-type plants. Scale bar = 50 mm. (C) Expression pattern of the auxin response reporter ProDR5:GUS in Stage I and Stage VII of wild-type and bpc1-1 bpc2 bpc4 bpc6 roots (±10 mM naphthaleneacetic acid for 6 h). Scale bar = 50 mm. (D) Transcript levels of genes involved in auxin signaling and LR formation in wild-type and bpc1-1 bpc2 bpc4 bpc6 roots grown for 5 d. The total RNA was extracted from Arabidopsis roots and the levels of transcripts analyzed using RT-qPCR. Data are presented as the mean ± SD. Experiments were performed in biological triplicate (15 seedlings per line per replication). ***P < 0.001 by Bonferroni post-hoc test.
FACTOR 7), an auxin-regulated transcriptional activator (Okushima et al. 2005) , were significantly reduced in the bpc1-1 bpc2 bpc4 bpc6 mutant compared with the wild type. The transcript levels of other auxin-responsive genes were not changed, suggesting that they might contribute another layer of regulation of auxin signaling outputs via post-translational modifications in the bpc1-1 bpc2 bpc4 bpc6 mutant Estelle 2014, Hill, 2015) .
Root meristem activity is affected in bpc1-1 bpc2 bpc4 bpc6 mutants PLT proteins act as dose-dependent regulators of root stem cell niche activity and therefore control root apical meristem size (Aida et al. 2004 , Galinha et al. 2007 , Grieneisen et al. 2007 ). The root meristem is not only a major determinant of longitudinal growth but is also important for LR initiation (Van Norman et al. 2013) . Given that mutation of BPC genes affects the expression of PLT genes, we then tested the size of the root meristem corresponding to the number of cortex cells in a file extending from the quiescent center to the first elongated cell. In fact, bpc1-1 bpc2 bpc4 bpc6 plants had smaller meristems compared with wild-type roots (Fig. 7A, B) . This result suggests that BPCs are also involved in root meristem maintenance. In spite of the function of BPCs in root meristem maintenance, mutation of BPC genes seemed to have less of an effect on primary root growth because primary root growth of all mutants appeared normal except for bpc1-1 bpc2 bpc4 bpc6 ABI4-OX plants, which exhibited slightly reduced primary root lengths (Fig. 7C) .
Discussion
BPCs repress ABI4 expression in LR formation
As mentioned above, BPCs function in a range of developmental processes (Monfared et al. 2011) . Here, we present several lines of evidence to demonstrate that BPCs are involved in LR formation. The bpc1-1 bpc2 and bpc4 bpc6 mutants display an obviously reduced LR phenotype, though weaker than that of bpc1-1 bpc2 bpc4 bpc6 mutants ( Supplementary Fig. S9 ). In addition, overexpression of BPC1, BPC2, BPC4 and BPC6 all lead to an increased-LR phenotype ( Supplementary Fig. S10 ). These results suggest that BPCs in both Class I and Class II redundantly contribute to LR formation. In this context, the function of BPC proteins in LR formation seems distinct from that in the development of floral organs because organ defects occurred only in Class I bpc mutants, not in Class II (Simonini and Kater 2014) . However, it should be borne in mind that the bpc1-1 bpc2 bpc4 bpc6 mutant used in this study is not null because it was shown that neither BPC1 nor BPC4 is knocked out completely in this quadruple mutant (Monfared et al, 2011 , Hecker et al. 2015 . The bpc1-2 bpc2 bpc3 triple mutant in which BPC1 is knocked out completely displays a strong developmental defect in the inflorescence meristem, whereas the bpc1-1 bpc2 bpc3 mutant only displays a mild defect in this regard (Simonini and Kater 2014) , suggesting that the lack of BPC1 might affect the severity of a higher order mutant phenotype. Therefore, a more detailed study on different genetic backgrounds of BPC genes may be important to understand the contribution of different BPC members to lateral root formation.
BPCs can bind to the ABI4 promoter in vitro and in vivo (Fig. 1) . Knocking down the expression of BPC genes resulted in the enhanced expression of ABI4, whereas overexpression of the BPC genes reduced the level of ABI4 expression (Fig. 2) . This evidence suggests that ABI4 is a direct target regulated by BPCs. Mutation of the ABI4 gene in the bpc1-1 bpc2 bpc4 bpc6 plants largely rescued its reduced-LR phenotype, whereas the reduced-LR phenotype of bpc1-1 bpc2 bpc4 bpc6 plants was enhanced when ABI4 was overexpressed. These lines of genetic evidence suggest that BPCs might be involved in LR formation via repressing ABI4 expression. The fact that the swn mutant also displayed fewer LRs, as did bpc1-1 bpc2 bpc4 bpc6 ( Supplementary Fig. S12 ), also supported this hypothesis. However, the LR phenotype of bpc1-1 bpc2 bpc4 bpc6 abi4 plants was not comparable with that of abi4 plants. The increased LR phenotype of the BPC4-OX plant was more severe than that of the abi4 plants ( Fig. 5; Supplementary  Fig. S10 ). In addition, the ABI4 overexpression can rescue the LR phenotype of BPC4-OX plant in large part but it did not restore the LR phenotype of the BPC4-OX plant completely to the wild-type level ( Supplementary Fig. S13 ). These lines of evidence suggest that, in addition to ABI4, BPC4 might have other downstream target(s) that are involved in LR development.
LR development involves a series of complex steps, which integrate multiple auxin signaling modules (Lavenus et al. 2013) . Nevertheless, how LR development is affected in bpc1-1 bpc2 bpc4 bpc6 mutants remains an open question. A previous study showed that the auxin signaling module in the basal meristem LR regulates founder cell specification and root branching patterns (De Rybel et al. 2010) . The reduction in root meristem size raised the possibility that LR founder cell function might be affected in bpc1-1 bpc2 bpc4 bpc6 mutants. The reduction of meristem size in bpc1-1 bpc2 bpc4 bpc6 mutants might result from the down-regulation of PLT1 and PLT2, which function as dose-dependent regulators of meristem activity. In addition, the expression of PLTs is PIN dependent in controlling auxin-mediated root patterning (Aida et al. 2004 , Galinha et al. 2007 , Grieneisen et al. 2007 , which is in accordance with the reduced PIN1 accumulation in bpc1-1 bpc2 bpc4 bpc6 mutants. It is surprising that the reduction of meristem size had no effect on primary root length in bpc1-1 bpc2 bpc4 bpc6 mutants. Nevertheless, such inconsistency between meristem size and primary growth was also observed in another study (Hacham et al. 2011) . Primary root growth is determined by cell division and cell expansion rates. It is likely that BPCs also function in root cell expansion via an independent pathway, and deletion of BPCs could promote cell expansion and thus offset the effects of reduced root meristem size in bpc1-1 bpc2 bpc4 bpc6 mutants.
As shown in Fig. 6C , the DR5:GUS signal was barely detectable in the bpc1-1 bpc2 bpc4 bpc6 LRPs, indicating that the DR5:GUS signal of mutant LRPs was severely reduced compared with that of wild-type plants. However, it seems unlikely that the auxin signal was completely absent in bpc1-1 bpc2 bpc4 bpc6 LRPs. Indeed, when the GUS staining time was extended, a relatively obvious signal could be observed in bpc1-1 bpc2 bpc4 bpc6 LRPs but it was still weaker than that of wild-type plant ( Supplementary Fig. S14 ). This piece of evidence suggested that there was still relatively weak auxin signal in bpc1-1 bpc2 bpc4 bpc6 LRPs, which supports LRP development of bpc1-1 bpc2 bpc4 bpc6 plants.
The RT-qPCR assay showed that several essential genes involved in LR formation and auxin signaling, except ARF7, were not changed in the bpc1-1 bpc2 bpc4 bpc6 mutant (Fig. 6D) , suggesting that the transcript levels of those genes were not affected in the bpc1-1 bpc2 bpc4 bpc6 mutant. This result seems to be inconsistent with the significant reduction of DR5 activity in the bpc1-1 bpc2 bpc4 bpc6 mutant because DR5 activity represents the output of the transcriptional auxin response. Such inconsistency was also reported in another study (Rosado et al. 2012 ), but the reason remains unknown. The transcript level indicated by RT-qPCR assay is determined by both its transcription activity and the mRNA stability at the post-transcriptional level. The contribution of the mRNA stability to SAUR (Small Auxin-Up RNAs) accumulation has been revealed (Li et al. 1994) , suggesting that the regulatory mechanisms of auxin-responsive genes in plants are not limited to the transcriptional level. It is therefore likely that the transcript stabilities of those genes were increased via an unknown mechanism in the bpc1-1 bpc2 bpc4 bpc6 mutant, which compensated the reduction of their gene transcription activity. In addition, recent studies have highlighted that post-translational modifications of auxin-responsive transcription factors, such as phosphorylation, ubiquitination and S-nitrosylation, constitute another layer of regulation of auxin signaling outputs Estelle 2014, Hill 2015) . Therefore, it is also likely that the phosphorylation, ubiquitination and/or S-nitrosylation of those auxin-responsive proteins was affected in the bpc1-1 bpc2 bpc4 bpc6 mutant, though their transcript levels were not changed.
Many endogenous and exogenous signals influence LR formation by interfering with auxin homeostasis, transport or responses. ABI4 might mediate ABA and cytokinin inhibition of LR formation via reduction of polar auxin transport (ShkolnikInbar and Bar-Zvi 2010). Up to now, the participation of BPCs in phytohormone signaling has not been addressed. Nevertheless, ethylene sensitivity was reduced in the bpc1-1 bpc2 bpc4 bpc6 mutant (Monfared et al. 2011) ; therefore, this raises the possibility that BPC proteins are involved in the ethylene signaling pathway. If so, the BPC-ABI4 regulatory module might have an important role in the integration of multiple phytohormone signals for LR formation.
Animal GAGA-binding factors are important in controlling the activity of homeotic genes. In this study, we showed that ABI4, the direct target of BPCs, is unrelated to plant homeotic genes. It seems that the targets of BPC proteins are not limited to homeotic genes, but have expanded in the plant kingdom. In agreement with this hypothesis, >12,000 Arabidopsis genes contain at least one GA-rich stretch in their regulatory regions (Santi et al. 2003 , Berendzen et al. 2006 , Deng et al. 2013 , Hecker et al. 2015 ; this suggests that there are more putative BPC target genes. Therefore, BPC might act on a variety of target genes in diverse developmental processes, and this characteristic produces pleiotropic phenotypes in higher order bpc mutants.
Mechanisms underlying BPC-mediated repression of gene expression
Members of the BPC family are characterized by their ability to bind DNA at GA-rich regions; however, the molecular mechanisms through which BPCs repress gene expression have not been determined. It has been proposed that BPC proteins might mediate the binding of a MADS domain transcription factor-containing repressor complex to the STK promoter to direct its tissue-specific expression (Kooiker et al. 2005 , Simonini et al. 2012 . Nevertheless, the degree to which this mechanism operates for other target genes remains unclear.
The PRC2 core subunits found in plants are encoded by a small gene family, which enables individual plant PRC2 complexes to repress unique subsets of target genes, and to act at different developmental stages. Distinct PRC2 complexes are formed by combining different subunits (Bemer and Grossniklaus 2012) . At least three PRC2 complexes (EMF-PRC2, VRN-PRC2 and FIS-PRC2) have been identified and play critical roles in plant development (Lafos et al. 2011 , Aloia et al. 2013 , Xiao and Wagner 2015 . However, how PRC2 is recruited to specific targets in plants remains largely enigmatic. In Drosophila, PRC2 is recruited to specific targets by GAGA-binding factors in a sequence-specific PRE-based recruitment mechanism (Strutt et al. 1997 , Horard et al. 2000 , Berger and Dubreucq 2012 . Although BPCs show no similarity to the Drosophila GAGA-binding factor, it is possible that this PREbased recruitment mechanism also operates in plants. A study by Hecker et al. (2015) showed that BPC6 could recruit LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), a PRC1 component, to certain GAGA motifs. LHP1 and BPC6 might form a scaffold for the sequential attachment of PRC2 (Hecker et al. 2015) . Herein, we showed that Arabidopsis GAGA-binding BPCs directly interact with SWN, a PRC2 component, and recruit PRC2 to the ABI4 locus in roots. These two different BPC-mediated recruitment mechanisms are not mutually exclusive because PcG protein complexes do not function in sequential linear pathways, but as dynamically interacting networks, allowing stabilizing feedback loops in plants (Derkacheva and Hennig 2014) . The recruitment of distinct PRC components mediated by different members of the BPC family might occur in parallel and act on presumably different subsets of genes during plant development. BPC proteins are encoded by members of a small gene family, unlike the Drosophila GAGA-binding factor, which is encoded by a single gene (Benyajati et al. 1997) . Therefore, the relatively high number of BPCs could mean that BPC-dependent recruitment is more flexible to accommodate the dynamic recruitment of PRC components during development and in different tissues or organs (He et al. 2013) .
The LEC2 promoter contains a GAGA element bound by BPC1 in vitro, and this element is essential for LEC2 promoter activity (Berger et al. 2011) . However, mutation studies revealed that this GAGA element was not required for H3K27me3 deposition, suggesting that BPCs also control gene expression via other mechanism(s) that are independent of PRC1/2. Therefore, the possibility that BPCs control ABI4 via a PRC2-independent mechanism could not be excluded completely, although increased expression of ABI4 in bpc1-1 bpc2 bpc4 bpc6 mutants occurs with a reduction of H3K27me3 level and SWN occupancy in the ABI4 promoter.
Materials and Methods
Plant materials and growth conditions
All of the Arabidopsis thaliana mutants and transgenic lines used in this study were in the Columbia background. The abi4-1 (CS8104; Finkelstein et al. 1994) and swn-2 (SALK_010213) (Chanvivattana et al. 2004 ) mutants were obtained from the Arabidopsis Biological Resource Center. The laboratory of Charles S. Gasser provided the bpc1-1 bpc2 bpc4 bpc6 mutant (Monfared et al. 2011) . Seeds of the ProPIN1:PIN1-GFP transgenic lines were obtained from the laboratory of Yuxin Hu (Cui et al. 2013 ). The ProDR5:GUS plasmid was a gift from Tom J. Guilfoyle's laboratory (Ulmasov et al. 1997) , and was transformed into Arabidopsis using the floral dip method. The ABI4-OX line was described previously (Xu et al. 2016) . Details for constructing the transgenic plants are supplied in the Supplementary methods, and the primers used are listed in Supplementary Table S1 . Crossing plants with distinct genetic backgrounds generated the different mutant combinations. Sequences of all of homozygous lines were confirmed by sequencing the PCR products obtained using the genespecific and T-DNA-specific primers listed in Supplementary Table S2 .
To grow the plants, seeds were surface-sterilized using 15% sodium hypochlorite for 5 min, washed five times using sterile water and then allowed to soak in the dark for 4 d at 4 C in 1/2 Murashige and Skoog (MS) medium containing 1.5% sucrose and 0.8% agar to break their dormancy. Unless stated, plates were incubated in a growth chamber under continuous white light (60 mmol m -2 s -1 ) at 22 C. For the root survey, plates were incubated in a nearly vertical position.
Protein preparation and immunoblot analysis
Total proteins were extracted from tobacco leaves as previously described (Martinez-Garcia et al. 1999) . Briefly, 0.05 g of tobacco leaves was homogenized in 200 ml of buffer containing 125 mM Tris-HCl, pH 8.8, 1% (w/v) SDS, 10% glycerol and 50 mM Na 2 S 2 O 5 . The homogenate was then centrifuged at 12,000 Â g for 10 min and the supernatant was used for immunoblot analysis. The nuclear proteins were extracted from 8-day-old Arabidopsis seedlings according to a previously described method (Cho et al. 2006) . A 10 g aliquot of tissue was ground in 1.5 vol. of lysis buffer (20 mM Tris-HCl, pH 7.4, 25% glycerol, 20 mM KCl, 2 mM EDTA, 2.5 mM MgCl 2 and 250 mM sucrose). Lysates were filtered through four layers of miracloth and then centrifuged at 1,000 Â g for 10 min to pellet the nuclei. The pellet was washed three times using nuclei resuspension buffer (20 mM Tris-HCl, 25% glycerol, 2.5 mM MgCl 2 and 0.5% Triton X-100). The nuclear fraction was resuspended in nuclei resuspension buffer lacking MgCl 2 and then sonicated to release the nuclear proteins. Protein concentrations were determined using a Protein Assay Kit (Bio-Rad). The total proteins separated using SDS-PAGE were blotted onto nitrocellulose membranes that were detected with specific antibodies. Signals were detected using the enhanced chemiluminescence method.
Reverse transcription quantitative PCR (RT-qPCR)
Seedlings were harvested and the total plant RNA isolated using an RNeasy Plant Mini Kit (Qiagen). Total RNA was used to generate first-strand cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. Aliquots of the resulting cDNA samples were used as templates for PCR analysis. PCR was performed using SYBR PrimeScript Ready Mix (TAKARA) according to the manufacturer's instructions. The genespecific primers for RT-qPCR are listed in Supplementary Table S3 .
GUS staining
Arabidopsis tissues were incubated in GUS staining solution containing 100 mM sodium phosphate buffer (pH 7.2), 0.1% Triton X-100, 10 mM EDTA, 0.5 mM K 4 Fe(CN) 6 Á3H 2 O, 0.5 mM K 3 Fe(CN) 6 and 1 mg ml -1 X-Gluc at 37 C. Photographs were taken under a dissecting microscope (OLYMPUS SZX2-ILLB) using a digital camera (Olympus).
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed essentially as described (Wang et al. 2002) . Briefly, Arabidopsis materials were cross-linked in a vacuum for 15 min in 1% formaldehyde, and then quenched using 0.25 M glycine. Chromatin extracts were sonicated using a Branson sonicator 450 (VWR) to achieve an average fragment size of 250 bp, and immunoprecipitation was performed using a specific antibody. The immunoprecipitated DNA was analyzed by qPCR using the specific primers listed in Supplementary Table S4. Yeast one-hybrid and two-hybrid assays
The yeast one-hybrid assay was performed using the modified yeast one-hybrid system described by Lopato et al. (2006) . Fragments of the ABI4 promoter were annealed to the SmaI-XhoI sites of pLacZi (Clontech), which was then linearized through digestion using NcoI and integrated into the genome of the YM4271b yeast strain. The transformants were grown on SD/-Ura-Leu dropout plates containing X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) for 3-5 d to allow the blue color to develop. Primers used for constructing vectors are listed in Supplementary Table S5 .
For the yeast two-hybrid assay, pGADT7 and pGBKT7 (Clontech) were used to construct the prey and bait plasmids, respectively, with the primers in Supplementary Table S6 , which were then co-transformed into the Y2HGold yeast strain and plated on SD/-Leu-Trp-His dropout plates containing X-a-Gal (5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside) to allow the blue color to develop. Co-transformed pGBKT7-53 and pGADT7-T, and pGBKT7-Lam and pGAD T7 AD were used as positive and negative controls, respectively.
Electrophoretic mobility shift assay (EMSA)
The EMSA was performed according to the LightShift Chemiluminescent EMSA Kit (Pierce). Plasmid pETMALc-H (NEB) was used to construct the recombinant BPC-maltose-binding protein (MBP) constructs. Proteins purified from Escherichia coli were incubated with a 5 0 -end-labeled double-stranded DNA probe, with or without excess unlabeled competitor double-stranded oligonucleotides. Primers for the plasmids and DNA probes used in EMSA are shown in Supplementary Table S7 .
LUC activity assay
The reporter construct ProABI4:LUC and the effector construct Pro35S:BPC-HIS were prepared and then transformed into Agrobacterium tumefaciens strain GV3101 to infiltrate N. benthamiana leaves as previously described (Voinnet et al. 2003) . To capture images of the LUC signals, the tobacco leaves were sprayed with 1 mM luciferin (Promega) and kept in the dark for 5 min; images were then captured using a CCD imaging apparatus with a 5 min exposure period. For the LUC activity assays, discs of N. benthamiana leaves (1 cm in diameter) collected using a punch were ground into 100 ml of 1 Â CCLR (Cell Culture Lysis Reagent buffer; Promega). The extracts (5 ml) were mixed with 50 ml of luciferase assay substrate (Promega) and subjected to LUC activity assays using a Modulus Luminometer/Fluorometer with a luminescence kit (Turner Biosystems). To determine the enzymatic activity of GUS, the extracts (5 ml) were incubated with 50 ml of MUG (4-methylumbelliferyl-b-D-glucuronide) substrate mix (10 mM Tris-HCl, pH 8.0, containing 1 mM MUG and 2 mM MgCl 2 ) at 37 C for 30 min. The reaction was stopped by adding 945 ml of 0.2 M Na 2 CO 3 . Fluorescence intensity was then measured using a Modulus Luminometer/Fluorometer with an ultraviolet fluorescence optical kit (Turner Biosystems). Relative LUC activities were presented as the ratio of LUC activity to GUS activity. Immunoblot analysis with HIS antibodies (Abmart) was performed to estimate the expression levels of BPCs-HIS. Protocols for constructing the vectors are supplied in the Supplementary Methods with primers listed in Supplementary Table  S8 .
BiFC assays
The pSAT1-cEYFP-N1 and pSAT1-nEYFP-N1 vectors (Citovsky et al. 2006) were used to construct the plasmids used in the BiFC assay in Arabidopsis protoplasts. The constructs were transferred into Arabidopsis mesophyll protoplasts as previously described (Yoo et al. 2007 ). Fluorescence analysis was performed using a LSM510 META confocal laser-scanning system (Zeiss). For the BiFC assay in N. benthamiana leaves, plasmids were constructed using pSPYNE173 and pSPYCE (M) vectors (Waadt et al. 2008) . The constructs were transformed into A. tumefaciens strain GV3101 and used to infiltrate N. benthamiana leaves in the presence of p19 protein as previously reported (Voinnet et al. 2003) . Primers designed for the experiment are listed in Supplementary Table S9 .
Co-IP assay
The total proteins of the infiltrated N. benthamiana leaves in the BiFC assays were extracted using 50 ml of phosphate buffer containing 1% dodecyl maltoside (DM). Extracts were incubated with 2 mg of HA antibody or pre-immune serum for 4 h at 4 C. Then, 20 ml of protein G-Sepharose was added, and the samples were incubated for another 2 h. Sepharose beads were washed four times using a phosphate buffer containing 0.1% NP-40. The precipitated proteins were eluted in SDS loading buffer by boiling for 10 min before being subjected to immunoblotting analysis.
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